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Rap1 protein regulates telomere turnover in yeast
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ABSTRACT Telomere length is maintained through a
dynamic balance between addition and loss of the terminal
telomeric DNA. Normal telomere length regulation requires
telomerase as well as a telomeric protein–DNA complex.
Previous work has provided evidence that in the budding
yeasts Kluyveromyces lactis and Saccharomyces cerevisiae, the
telomeric double-stranded DNA binding protein Rap1p neg-
atively regulates telomere length, in part by nucleating, by its
C-terminal tail, a higher-order DNA binding protein complex
that presumably limits access of telomerase to the chromo-
some end. Here we show that in K. lactis, truncating the Rap1p
C-terminal tail (Rap1p-DC mutant) accelerates telomeric
repeat turnover in the distal region of the telomere. In
addition, combining the rap1-DC mutation with a telomerase
template mutation (ter1-kpn), which directs the addition of
mutated telomeric DNA repeats to telomeres, synergistically
caused an immediate loss of telomere length regulation.
Capping of the unregulated telomeres of these double mutants
with functionally wild-type repeats restored telomere length
control. We propose that the rate of terminal telomere turn-
over is controlled by Rap1p specifically through its interac-
tions with the most distal telomeric repeats.

Telomeres are the specialized nucleoprotein structures that
cap the ends of eukaryotic chromosomes, stabilizing them and
protecting their integrity (1–3). Telomeric DNA of most
eukaryotes is composed of tandemly repeated sequence units
whose number is tightly regulated (4). This strict length control
appears to be essential for telomeric function and hence for
chromosomal integrity and, in many cases, for cell viability (5).
A key component influencing telomere length is telomerase,
which adds telomeric DNA to telomeres (1, 5). It has been
proposed that telomeric repeats are constantly added by
telomerase and removed by as yet unknown activity or activ-
ities, leaving mean telomeric length at a regulated average size
(6). This tight length control, seen in species such as the
budding yeasts S. cerevisiae and K. lactis, reflects a well
regulated balance between the lengthening and shortening
activities, the latter perhaps including specialized telomere
shortening activities (6–11).

Telomere lengths do not always correlate directly with
telomerase levels (for example, see refs. 12 and 13), indicating
that additional factors are involved in telomere length control.
Proteins that bind duplex telomeric DNA sequence-
specifically have been shown to negatively regulate telomere
length. Such proteins include the RAP1 gene product Rap1p
in budding yeasts (7, 14–17), Taz1p in fission yeast (18), and
TRF1 in mammalian cells (19–21). In S. cerevisiae, Rap1p
nucleates a higher-order DNA–protein complex at telomeres.
Assembly of this complex is mediated through interactions
between the C-terminal region of Rap1p and other non-DNA-
binding proteins (22, 23).

The C-terminal 30 amino acid tail of Rap1p of K. lactis is
highly conserved between this budding yeast and S. cerevisiae,
suggesting that the K. lactis Rap1p also interacts with other
proteins through its C-terminal tail and similarly nucleates a
specialized telomeric protein–DNA complex. We previously
showed that in K. lactis, sequence-specific binding of the
telomeric DNA at the distal end of the telomere by Rap1p is
critical for telomere length regulation (17). It was proposed
that telomeric DNA length is negatively controlled at two
levels: through the higher-order Rap1p-nucleated DNA–
protein complex at telomeres and through the interaction of
Rap1p at the very terminal few repeats. This model is sup-
ported by the finding of two groups of mutations in the
telomerase RNA (TER1) gene that direct the incorporation of
altered telomeric DNA sequence (11). In the first group, the
mutation disrupted the Rap1p binding site and telomere
length control was lost immediately. The phenotypic severity
of these mutations in vivo correlated directly with the degree
of loss of Rap1p binding affinity to the mutated telomeric
sequence in vitro (17). In addition, truncation of the C-terminal
tail of Rap1p synergistically exacerbated the loss of telomere
length control in these mutants, and we proposed that the
telomeric complex in these double mutants is unable to limit
telomerase accessibility (17). In the second group of ter1
template mutants (11), in which the Rap1p consensus binding
sequence was not mutated and the in vitro binding affinity was
not decreased, there was no immediate loss of telomere length
control. Instead, telomere length was well controlled for an
initial phase lasting hundreds of generations. During this
phase, telomeres were stably maintained at shorter-than-wild-
type size. However, during this phase the wild-type repeats in
the inner portions of the telomeres were gradually replaced by
mutant repeats. Eventually, when mutant repeats had replaced
most of the wild-type telomeric repeats deep within the
telomere, telomeres rapidly underwent extreme, uncontrolled
lengthening (delayed runaway phenotype) (11).

In species such as S. cerevisiae and the malaria parasite
Plasmodium berghei, the naturally variant telomeric repeat
sequences allow tracking of sequence replacements in the
telomeres over time. Sequence analysis of telomeres in these
species has suggested that turnover occurs in the more distal
portion of the telomere, with the inner region being relatively
inert (24, 25). Confinement of such turnover to the distal
repeats was directly demonstrated in K. lactis by monitoring
incorporation of mutant repeats specified by ter1 template
mutations introduced into initially wild-type telomeres (11,
26). However, the enzymatic machineries involved in telomere
dynamics and repeat turnover, and the telomeric protein
complex that regulates them, are only partly understood. Here
we show that the Rap1p C-terminal tail is required to limit the
rate of turnover of the most distal telomeric repeats in K. lactis.
We also report a synthetic effect between Rap1p C-terminal
truncation and a delayed runaway ter1 mutation. Together,
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these results identify a new role for the Rap1p-centered
telomeric DNA complex, namely, controlling the rate of
telomere turnover.

MATERIALS AND METHODS

Yeast Growth. Yeast cells were grown on yeast extracty
peptoneydextrose plates. For serial passages, colonies were
picked and restreaked on fresh plates, as described previously
(11).

Yeast Strains. The rap1-DC strain was constructed by trans-
forming K. lactis strain K7B520 with a plasmid containing the
rap1-DC allele carrying a frameshift mutation at amino acid
635, producing KlRap1p lacking the normal C-terminal 31
amino acids. Loop-outs of the wild-type KlRap1p gene were
selected following growth on plates containing 5-fluoroorotic
acid. The double mutant ter1-Kpn; rap1-DC was constructed by
transforming the rap1-DC strain with a plasmid containing the
ter1-Kpn allele. Loop-outs of either the wild-type TER1 gene
or the mutant gene (and a linked URA3 gene) were assayed.
The ter-Bcl capped strains were constructed by transforming
ter1-Kpn;rap1-DC with a plasmid carrying the mutant ter-Bcl
allele.

Genomic DNA Preparation and Analysis. Yeast DNA was
prepared from colonies grown to saturation in yeast extracty
peptoneydextrose liquid media and analyzed by Southern
blotting, as described previously (11). Blots were probed at
50°C with an end-labeled oligomer: 59-GGTATGTGGTG-
TACGGATTTGATTA-39.

RESULTS

Turnover of Distal but Not Internal Telomeric Repeats Is
Accelerated in a rap1-DC Mutant. We tested whether a 30
amino acid truncation of the C-terminal tail of Rap1p (rap1-
DC; ref. 17) affected the rate of turnover at telomere terminal
domains. To monitor terminal repeat turnover, we took ad-
vantage of a phenotypically silent ter1 RNA template sequence
mutation, ter1-BclI (M. J. McEachern and E.H.B., unpublished
results). This mutation is located outside the Rap1p binding
site of the telomeric repeat unit of K. lactis and produces no
detectable short- or long-term effects on telomere mean
length, length regulation, or telomere metabolism (M. J.
McEachern and E.H.B., unpublished results; ref. 29). Incor-
poration of the BclI base change into the ends of telomeres
therefore serves to mark the internalization of newly added
telomeric repeats. The ter1-Bcl mutant allele was introduced
into both a wild-type and a rap1-DC background, replacing the
wild-type TER1 gene. Telomere lengths were analyzed over
repeated serial passages by Southern blotting of genomic DNA
digested with EcoRI, which cleaves at subtelomeric sites (Fig.
1). Over 30 serial restreaks (about 750 generations), telomeres
containing Bcl repeats were stably maintained and had the
mean lengths and the overall length distributions characteristic
of wild-type RAP1 (15 repeats on average) or rap1-DC back-
grounds (about 4 repeats longer) (Fig. 1 A). As reported
previously (17), telomeres in rap1-DC cells are well regulated
and slightly ('100 bp) longer than those in wild-type RAP1
cells. However, in the rap1-DC cells, the rate of internalization
of new (Bcl-marked) telomeric repeats was higher than in
RAP1 cells. This was shown by secondary digestion of the same
DNA preparations as in Fig. 1 A with restriction enzyme BclI
(Fig. 1 B and C). BclI specifically cleaves off the marked Bcl
telomeric repeats added onto the pre-existing wild-type re-
peats of the telomeres. Hence, the resulting telomeric frag-
ment pattern reflects the lengths of the remaining wild-type
repeat tracts located internally to the newly incorporated Bcl
repeats. After replacement of the wild-type telomerase RNA
gene TER1 with the ter1-BclI allele during the first nine
restreaks, the remaining wild-type repeat tracts shortened

faster in the rap1-DC strain than in wild-type RAP1 cells (Fig.
1B, compare lanes 6–8 with lanes 1–3). This result showed that
the rap1-DC mutation increases the rate of replacement of
wild-type repeats by BclI repeats in a terminal zone of the
telomere. This terminal zone extended into telomeres an
average of two to three 25-bp repeat units in rap1-DC cells and
an average of about one repeat in wild-type RAP1 cells. In
subsequent restreaks, the rate of BclI repeat encroachment
further into the telomeres was low and similar in the two strains
(Fig. 1B, compare lanes 4 and 5 with lanes 9 and 10; Fig. 1C,
compare lanes 1–5 with lanes 6–10; results are graphed in Fig.
1D). Despite their greater mean length, in the telomeres in
rap1-DC cells, the zone of increased turnover rate did not
extend deeper than the extra length of these telomeres (Fig.
1D).

In summary, these results identified two distinct zones of
telomeric turnover: distal and proximal. The rap1-DC muta-
tion specifically increased the turnover rate in the most distal
zone of repeats. Interestingly, in rap1-DC telomeres, the outer
boundary of the internal, more slowly turned over region was
still further out than the mean length of telomeres in a
wild-type RAP1 strain.

A Delayed Runaway Telomere Phenotype Is Accelerated in
ter1-Kpn;rap1-DC Mutants. Since Rap1p plays a pivotal role in
telomere length regulation, we studied its involvement in the
phenotype caused by the telomerase RNA template mutation
ter1-KpnI (11). As described previously, in single ter1-KpnI or
single rap1-DC mutants, telomeres remain well controlled up
to at least 15 restreaks (11, 17). In the single ter1-KpnI mutants,
delayed runaway telomere elongation occurs only after several
hundred cell divisions (11). As reported previously, a double-
stranded DNA oligonucleotide containing the ter1-KpnI mu-
tation binds both wild-type Rap1p and rap1p-DC in vitro as
efficiently as the wild-type sequence oligonucleotide (17).
Thus, simple loss of DNA binding affinity to the mutated
telomeric repeats does not account for the loss of length
regulation. Therefore, we analyzed the telomeric patterns in
ter1-KpnI;rap1-DC double mutant cells. Interestingly, in con-
trast to the effect of introducing the ter1-KpnI allele into RAP1
cells, introducing it into rap1-DC cells caused rapid, essentially
immediate loss of telomere length regulation: in seven inde-
pendent ter1-Kpn;rap1-DC double mutant lines analyzed, by
the second restreak the telomeric patterns had already devi-
ated from the wild-type pattern, with bands becoming smeared
up from the electrophoretic mobilities of the wild-type bands
in neutral gels (Fig. 2, compare lanes 2 and 7 with lanes 11, 12,
and 14; data not shown). This accelerated loss of length
regulation in the double mutant was rapidly exacerbated on
further restreaking, so that by 3–4 restreaks, telomeres had not
only become very long, but also a significant fraction of the
hybridization signal showed the aberrant smeared pattern
characteristic of telomeres lacking length control (Fig. 2, lanes
3–5 and 8–10). These very smeared bands suggested that
telomeric degradation as well as lengthening has lost regula-
tion, which we will refer to as a deregulated telomere pheno-
type. Consistent with previous results (11, 17), telomeres were
only slightly lengthened in the single rap1-DC mutant up to at
least the ninth restreak (Fig. 2, lane 15) and remained slightly
shortened in the single ter1-KpnI mutant cells up to the seventh
restreak (Fig. 2, lanes 11 and 12; two additional independent
single ter1-KpnI mutant clones gave similar results; data not
shown). These results showed that the two mutations syner-
gistically ablated telomere length control. Hence a function
mediated by the Rap1p C-terminal tail at telomeres is involved
in the Kpn phenotype, despite the ability of the Kpn repeat to
bind Rap1p with high efficiency in vitro.

Internal Wild-Type Telomeric Repeat Tract Lengths Are
Similar in ter1-Kpn and ter1-Kpn;rap1-DC Strains. In RAP1
cells, Kpn mutant repeats impair length control only when they
have replaced most of the wild-type telomeric repeats deep
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within the telomere (11). Therefore, it was possible that the
accelerated onset of the telomere runaway phenotype in the
ter1-Kpn;rap1-DC double mutant was a result of faster and
more extensive internalization of Kpn repeats caused by the
rap1-DC mutation. We tested this possibility by comparing the
sizes and patterns of the internal tracts of remaining wild-type
telomeric repeats in ter1-Kpn and ter1-Kpn;rap1-DC mutants,
using secondary digestion with KpnI to cleave off the mutant
Kpn repeats. The resulting telomeric patterns, reflecting the
lengths of the basal internal tracts of wild-type repeats, were
similar between ter1-Kpn single mutant strains (Fig. 3, lanes
11–13) and two independent double mutant ter1-Kpn;rap1-DC
strains (Fig. 3, lanes 1–5 and 6–10). This similarity was
especially striking in light of the very different terminal
domains of the telomeres in the single and double mutants.
This difference is clearly seen when the mutant repeats are not
digested away by KpnI (see Fig. 2, compare lanes 5 and 10 to
lane 12). In addition, there was no evidence for any large
rearrangements of internal telomeric or subtelomeric domains.
These results ruled out the hypothesis that the synthetic
interaction between the rap1-DC and ter1-Kpn mutations is
caused by deeper internalization of mutant Kpn repeats.

Capping of Long Unregulated Telomeres with Wild-Type
Repeats Restores Telomere Length Control in ter1-
Kpn;rap1-DC Strains. Since the rap1-DC protein increased the
turnover rate in the terminal region of telomeres (Fig. 1), but

did not cause more extensive internalization of mutant repeats
into the telomere (Fig. 3), we tested whether the effect of the
ter1-Kpn mutation in the rap1-DC background was exerted
through an end effect, i. e., an interaction involving only the
most distal repeats of the telomere. Previously, we used
capping of mutant repeats by wild-type repeats to investigate
the end effect seen in ter1;rap1-DC double mutants in which the
mutant telomeric repeats had a lowered binding affinity to
Rap1p (17). Using a similar approach, we introduced a plasmid
expressing the ter1-Bcl gene into ter1-Kpn;rap1-DC double
mutant cells, to cap the telomeres with the marked but
phenotypically silent Bcl mutant repeats. The resulting telo-
meres were analyzed by Southern blotting after three different
sets of restriction digestions. Telomeric patterns were com-
pared with and without the introduction of the ter1-Bcl gene.

First, genomic DNA was digested with EcoRI alone (Fig. 4,
lanes 1–4). EcoRI has only subtelomeric recognition sites and
therefore the pattern observed reflects the whole telomeric
DNA regardless of mutations in the telomere repeats. In
contrast to the control double mutant, in which the smear
characteristic of deregulated telomeres was seen (Fig. 4, lane
1), on introduction of the ter1-Bcl gene (pTER lanes) the
telomeric pattern immediately exhibited several new discrete
bands (Fig. 4, lanes 2–4). This result indicated that on capping
of deregulated telomeres in ter1-Kpn;rap1-DC strains by ter1-
Bcl repeats, telomere length control was resumed. Notably,

FIG. 1. Telomere turnover is accelerated in a rap1-DC background. (A) Telomeric patterns of EcoRI-digested genomic DNA from wild-type
and rap1-DC strains followed for 30 restreaks after introduction of the ter1-Bcl telomerase RNA gene allele. The reduced signal in lanes 3 and 4
is because of their underloading. (B) Telomeric patterns of EcoRI 1 BclI-digested genomic DNA from wild-type and rap1-DC strains followed
for the first 15 restreaks. (C) Telomeric patterns of EcoRI 1 BclI-digested genomic DNA from wild-type and rap1-DC strains followed for the
subsequent 18 to 30 restreaks. (D) Graphic depiction of telomere turnover (as represented by the size of basal wild-type repeats remaining after
BclI digestion as a function of number of restreaks) in wild-type RAP1 and rap1-DC strains.
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these newly controlled telomeres were still longer than the wild
type. Second, genomic DNA was double digested with EcoRI
and BclI (Fig. 4, lanes 5–8), to determine the length of the
tracts containing wild-type plus Kpn repeats, minus the ter-
minally added Bcl repeats. These EcoRI and BclI double digest
telomeric bands were slightly shorter and sharper than those
bands seen after digestion with EcoRI alone (Fig. 4, lanes 5–8).
The slight shortening showed that very few Bcl repeats had
been incorporated onto the termini, and the sharpness of these
bands indicated that telomere length control was regained.

Third, genomic DNA was double digested with EcoRI and
KpnI (Fig. 4, lanes 9–12), to cleave off the Kpn mutant
telomeric repeats incorporated before capping. Therefore, the
resulting telomeric patterns indicated the lengths of basal
wild-type repeats internal to the Kpn repeats. These internal
wild-type tracts in the three independent transformed strains
(Fig. 4, lanes 10–12) were similar to those in the nontrans-
formed strain (Fig. 4, lane 9). In addition, in all three trans-
formants the telomeric restriction fragment patterns were
similar overall. Hence, no major rearrangement events had
occurred in the internal region of the telomeres, or in the
subtelomeric regions, that could account for the difference in
telomere length control.

In summary, telomere length control was restored in a
ter1-Kpn;rap1-DC background by capping of the deregulated
telomeres by a few terminal Bcl repeats. Notably, this control
was regained despite the presence of extensive tracts of mutant
Kpn repeats adjacent to the cap. Furthermore, these newly
capped telomeres were now controlled at longer-than-wild-
type average lengths that were often similar to their average
length before capping.

DISCUSSION

Here we have shown that a C-terminal truncation mutant of
Rap1p (rap1-DC) accelerates telomeric turnover. This accel-
eration was specific to the most terminal telomeric domain.
Turnover of the telomeric ends is normally balanced so that
telomeric length remains close to a given average size. The
length distribution of telomeres thus reflects the balance
between the addition of telomeric repeats by telomerase and
their depletion caused by normal DNA replication and possibly
other telomere shortening activities (Fig. 5A). We and others
have previously suggested that the telomeric DNA–protein
complex nucleated by Rap1p affects the accessibility of the
telomere to telomerase (17, 27). We suggest that the increase
in the dynamics of terminal telomeric metabolism caused by
the rap1-DC mutation involves more frequent andyor pro-
longed actions of telomerase at the telomere, as well as a

FIG. 2. Synergistic interaction between ter1-Kpn and rap1-DC
mutations. Telomeric patterns of EcoRI-digested DNAs from two
independent clones of the double mutant strains ter1-Kpn;rap1-DC
(KpnDC1 and KpnDC2), a single ter1-KpnI strain (Kpn), a single
rap1-DC strain (Dc), and a wild-type strain (wt). Strains were followed
for the number of restreaks indicated above the lanes.

FIG. 3. Basal telomere pattern is similar in ter1-Kpn and ter1-
Kpn;rap1-DC strains. Telomeric patterns of EcoRI 1 KpnI-digested
genomic DNAs from two clones of the double mutant strains ter1-
Kpn;rap1-DC (KpnDc1 and KpnDc2) and a single ter1-Kpn strain
(Kpn). The strains are the same clonal lines shown in Fig. 2. The sizes
of the telomeric restriction fragments (bands between 1- and 4-kb
markers) reflect the lengths of the remaining basal internal tracts of
wild-type repeats, which are not cleaved by KpnI restriction enzyme.
The diffuse hybridization signal below the 0.5-kb marker is from the
Kpn mutant repeat DNA cleaved off the telomeres.

FIG. 4. Capping of long telomeres in ter1-Kpn;rap1-DC strains by
very few Bcl repeats. Telomeric patterns of three independent ter1-
Kpn;rap1-DC transformants (1) that carry the ter-BclI gene on a
plasmid (pTER) and untransformed controls (2). Each set was
subjected to three different restriction digestion protocols: EcoRI only
(R1), reflecting total telomeric pattern, EcoRI 1 BclI (R1 1 B),
reflecting telomeric pattern except the Bcl cap, and EcoRI1KpnI
(R11K), reflecting the basal wild-type telomeric pattern.
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correspondingly increased rate of action of telomere shorten-
ing activity(ies) (Fig. 5B).

The association of telomeric turnover primarily with the
distal domain of the telomere is intriguing in light of a
previously suggested two-domain hypothesis for telomeric
structure in S. cerevisiae. This model divides the telomere into
two distinct functional domains, with the distal domain involv-
ing interactions of the C-terminal tail of Rap1p with Rif1p and
Rif2p proteins (27, 28). Here we have shown that in K. lactis,
terminal turnover is specifically accelerated when Rap1p lacks
its evolutionarily conserved C-terminal tail. The simplest
interpretation of these two experimental lines of evidence for
a terminal telomeric zone, both of which implicate functions
mediated by the C-terminal tail of Rap1p, is that they are
manifestations of the same terminal zone.

In vitro, the truncated Rap1p-DC protein binds Kpn and
wild-type telomeric repeat sequences indistinguishably and
also binds both repeats indistinguishably from wild-type
Rap1p (ref. 17 and data not shown). Although cells con-
taining a single rap1-DC or ter1-Kpn mutation can control
telomeres tightly for long periods, combining these muta-
tions resulted in rapid instead of delayed deregulation of
telomere length. Hence, the ter1-Kpn mutation causes short-

term control of telomere length to become dependent on an
intact C-terminal tail of Rap1p. Furthermore, we found no
apparent changes in the length of the basal internal wild-type
tracts in ter1-Kpn;rap1-DC double mutants compared with
the single ter1-Kpn mutant, suggesting that the synthetic
effect of rap1-DC with ter1-kpn may specifically involve
interactions at the most terminal region of the telomere (Fig.
5C). A direct test of this hypothesis showed that capping the
ends of the long, deregulated telomeres of ter1-Kpn;rap1-DC
double mutants with only a very few functional Rap1p
binding sites (the Bcl repeats) was sufficient to restore cap
function to these otherwise dramatically altered telomeres
(Fig. 5D). Significantly, the newly controlled telomeres were
now set at a longer size.

The deregulated telomeres in the double ter1-Kpn;rap1-DC
mutant contained large numbers of mutant Kpn repeats that,
despite their ability to bind Rap1p as efficiently as wild-type
repeats in vitro (17), were apparently invisible to the length
control system. It was proposed previously that the number of
bound Rap1 C-terminal domains at a telomere determine its
length (28). However, the results reported here show that with
Kpn repeats simply the number of binding sites for C-terminal-
containing Rap1p molecules is insufficient to regulate telo-
mere length. We therefore propose that monitoring of telo-
mere length also requires the correct assembly of the complex
nucleated by Rap1p on telomeric DNA. According to this
model, Kpn mutant repeats are subtly defective in such
complex assembly (although the nature of the defect remains
unidentified), and telomere length becomes deregulated only
when a second event occurs. In the single ter1-Kpn mutant, the
second event is proposed to be the eventual loss of a critical
minimal length of wild-type repeat tract and hence loss of a
correctly assembled complex of sufficient size (11). In the
double ter1-Kpn;rap1-DC mutant, we propose that the second
event leading to loss of length control is the truncation of the
C-terminal tail of Rap1p, causing assembly of a defective
Rap1p-nucleated complex and consequent higher turnover at
telomeric ends (Fig. 5C). Together with previous findings,
these results suggest that Rap1p C-terminal interactions with
proteins at the distal domain of the telomere, together with
sequence-specific telomeric DNA binding by Rap1p, control
the rate of telomere repeat turnover.
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